-induced insulin secretion via activation of IP 3-sensitive calcium stores in rat pancreatic ␤-cells. Am
THIOPENTAL IS AN ULTRA-SHORT-ACTING barbiturate that is commonly used to induce anesthesia. Like other classes of barbiturates, thiopental plays an anesthetic role by directly binding to the GABA A receptor and enhancing its inhibitory action (3) . However, besides direct interaction with the GABA A receptor, thiopental has numerous actions on neuronal tissues and muscles, such as the reduction of excitability by inhibition of voltage-dependent currents (15, 31, 35, 38) . The effect of thiopental on ion fluxes is also regarded as important with respect to ␤-cell function, insulin secretion, and plasma glucose levels in vivo (2, 5, 10, 12, 17, 32) .
The effects of thiopental on insulin secretion have long been debated, and the underlying mechanisms require further investigation. Decreased insulin secretion by thiopental has been demonstrated in a dog model and may be influenced by an ␣-adrenergic mechanism (32) . On the contrary, thiopental increases insulin release from isolated rat islets and single pancreatic ␤-cells in the presence of low glucose levels (9, 10, 12, 17) . Thiopental may also affect membrane K ϩ channels as well as insulin secretion. Goncalves et al. (10) stores, such as the endoplasmic reticulum (ER). In general, glucose-elicited insulin secretion is mostly dependent on Ca 2ϩ influx into the cytosol through Ca 2ϩ channels in the plasma membrane. Besides glucose, neurotransmitters, hormones, and drugs can induce insulin secretion in certain contexts (21) . For example, in response to vagal nerve stimulation, the released acetylcholine binds to muscarinic M3 receptors on the ␤-cell membrane, and activates phospholipase C (PLC) to generate diacylglycerol and inositol 1,4,5-trisphosphate (IP 3 ) (1). IP 3 acts on specific Ca 2ϩ channels (IP 3 receptors) in the ER, causing release of Ca 2ϩ (11, 12) . In addition, rat pancreatic ␤-cells express ryanodine receptors, which also permeate Ca 2ϩ from the ER to the cytosol (14) . Although thiopental is known to increase [Ca 2ϩ ] i in atrial cells and skeletal muscle cells (16, 33) , the [Ca 2ϩ ] i signaling in ␤-cells stimulated by thiopental has not been fully explored.
In view of these observations, we investigated the effects of thiopental on insulin secretion by both enzyme-linked immunosorbent assay (ELISA) and membrane capacitance (C m ) measurements. We unambiguously demonstrated cell exocytosis by application of 0.3 mM thiopental. To further understand the underlying mechanism of thiopentalstimulated insulin secretion, we determined the effects of thiopental on whole cell K 
MATERIALS AND METHODS
Cell isolation and culture. Pancreatic islet ␤-cells from adult Wistar rats (150 -250 g) were isolated and cultured as described previously (4, 26) . Briefly, rats were killed by cervical dislocation, and islets were collected from the pancreas by collagenase digestion (3.3 mg/ml collagenase-V for 30 min). Single ␤-cells were isolated from islets by Dispase-II digestion (0.3 mg/ml for 12 min) and cultured in a standard CO 2 incubator for up to 1 wk. ␤-Cells were identified by their response to glucose and by the presence of ATPsensitive potassium (KATP) channels (22) . The animal protocols in this study were reviewed and approved by the Institutional Animal Care and Use Committees of Peking University and Shandong University.
The medium for cell culture contained 10 mg/ml DMEM, 17.72 mM H-HEPES, 7.28 mM Na-HEPES, 44 mM NaHCO 3, 100 IU/ml penicillin G, 100 g/ml streptomycin, 0.6% vitamin C, and 10% fetal bovine serum. The standard bath solution contained (in mM) 138 NaCl, 5. Insulin secretion measurement by enzyme immunoassay. The rat pancreas was perfused from the abdominal aorta at the level of the celiac artery with modified Krebs-Ringer-bicarbonate buffer (KRBB; in mM: 5 KCl, 120 NaCl, 15 HEPES, pH 7.4, 24 NaHCO 3, 1 MgCl2, 2 CaCl2, and 1 mg/ml BSA), and samples were collected from the hepatic portal vein via a cannula. The perfusing force was supplied by a pump and the perfusion rate was 1 ml/min. To measure the insulin levels, samples were collected after 30 min preperfusion of the pancreas with KRBB and subjected to a rat/mouse insulin ELISA kit (Millipore, St. Charles, MO).
Rat primary pancreatic ␤-cells digested with Dispase-II were cultured in 24-well plates for 2-5 days. ␤-Cells were washed with KRBB and stimulated with 0.3 mM thiopental or 20 mM glucose prepared in KRBB at 37°C. After 5 min of treatment, the KRBB solution was collected and centrifuged at 13,200 rpm for 5 min, and the supernatant was measured with the rat/mouse insulin ELISA kit.
Patch-clamp recording from single ␤-cells. Patch pipettes pulled from borosilicate glass capillaries had resistances of 2-6 M⍀ when filled with internal solution. Membrane currents and action potentials were recorded with an EPC-9 patch-clamp amplifier and PULSE software (HEKA Elektronik, Germany) (11) . The membrane capacitance measurements were carried out with the built-in Lock-in function of the amplifier (18, 39) . In most cases, experiments were performed in the perforated patch-clamp configuration to retain cell metabolism intact.
Drugs and control/wash solutions were puffed locally onto the cell being recorded via an RCP-2B multichannel microperfusion system (INBIO, Wuhan, China), which allowed a fast change of solutions (Ͻ100 ms) by electronic switching between seven fluid channels. The puffer pipette (100-m tip diameter) was located ϳ120 m from the cell. By conductance testing with pure water as the perfusion solution, we determined that the RCP-2B system delivered 100% of the solution around the cell under study from a given application, provided the application speed was set to 100 l/min or faster. The pharmacological experiments were set to meet this requirement (34) .
Calcium measurement. [Ca 2ϩ ]i was measured using a Ca 2ϩ imaging system (TILL, Germany). The cells were preloaded with fura-2 by incubation in 2 M fura-2AM for 10 -20 min at 37°C or loaded with fura-2 potassium salt (0.1 mM) via a patch pipette in the whole cell configuration. The fluorescence was sampled at 1 Hz (13, 36) . The loaded cells were excited at 340 nm and 380 nm alternately, and fura-2 fluorescence was measured at 510 nm. The TILL software calculated the F 340/F380 ratio, which represents the corresponding [Ca 2ϩ ]i change. Data analysis. Data analysis was conducted on a PC computer with IGOR3.12 software (Wavemetrics, Lake Oswego, OR). All data are presented as means Ϯ SE, and statistical comparisons were made with ANOVA tests. P Ͻ 0.05 was considered statistically significant.
RESULTS
Thiopental stimulates insulin secretion. The direct effects of thiopental on insulin secretion were measured in the intact pancreas. Thiopental induced significant insulin release from the intact pancreas (Fig. 1A , n ϭ 6) at about two-thirds the level of glucose-induced insulin secretion.
To further understand the properties and kinetics of thiopental-induced insulin secretion, we separated rat primary pancreatic ␤-cells and measured the insulin secretion by both ELISA and membrane capacitance (C m ) (6) . In KRBB solution without glucose, application of 0.3 mM thiopental induced insulin secretion similar to the effect of 20 mM glucose (Fig. 1B) .
To monitor the thiopental-stimulated insulin secretion kinetics at a high time resolution, we used patch-clamp technique to measure C m change (6), which has a linear relation to the change in the area of plasma membrane as a result of vesicular exocytosis or endocytosis.
When a single ␤-cell was perforated and whole cell voltageclamped at Ϫ70 mV, 0.3 mM thiopental induced a gradual increase in C m , while depolarization evoked an instantaneous jump in C m (Fig. 1C, top trace) . The vesicles in pancreatic ␤-cells have an average diameter of 0.45 m (29), which corresponds to a 2-fF change in C m . After puffing 0.3 mM thiopental for 30 s, the average increase in C m was ϳ150 fF (n ϭ 8) (Fig. 1D) , corresponding to exocytosis of 75 vesicles. As measured by C m change, thiopental-induced insulin secretion slowly increased after stimulation and persisted for 1 min, distinct from the rapid C m jump of insulin secretion evoked by depolarization (Fig. 1, C and E) . These results demonstrated that thiopental directly stimulates insulin release from resting isolated primary ␤-cells, with a kinetics distinct from depolarization-stimulated insulin secretion (Fig. 1E) .
Effect of thiopental on ion channels and cell membrane. To explore the mechanism underlying thiopental-stimulated insulin secretion, we next determined the effect of thiopental on membrane Ca 2ϩ channels and ␤-cell membrane depolarization, which are key mediators of insulin secretion. The effects of thiopental on Ca 2ϩ channels, K ϩ channels, and membrane potential in ␤-cells at basal (3 mM) glucose concentration are shown in Fig. 2 . In cells voltage-clamped at Ϫ70 mV, 0.3 mM thiopental markedly suppressed the Ca 2ϩ currents induced by depolarization to 20 mV ( Fig. 2A) , and the suppression was recovered after washing. We used Ba 2ϩ as a carrier to monitor the Ca 2ϩ currents here. By comparing peak current amplitude under conditions of puffing thiopental with control, we found that, with depolarizations to 20 mV, 0.3 mM thiopental re-duced whole cell inward currents to 60%, suggesting an inactivation of the Ca 2ϩ channels. A similar suppression of K ϩ currents was found with application of thiopental. The inhibition of whole cell K ϩ currents was 40% (Fig. 2B ). This inhibition of K ϩ channels is consistent with previous reports (10, 16) .
Because closure of K ATP channels is coupled to insulin secretion from ␤-cells, we investigated the effect of thiopental on K ATP channels. Using the cell-attached configuration, a typical burst of K ATP channel currents was seen when the pipette potential was held at 0 mV. As expected, 0.2 mM tolbutamide significantly inhibited the K ATP channels while 0.3 mM thiopental only partially suppressed them to 80% (Fig.  2C) . These results indicate that thiopental does not inhibit K ATP channels.
To determine whether thiopental induces cell depolarization, we transferred to the current-clamp method and puffed 40 mM KCl and 0.3 mM thiopental sequentially onto a single cell (Fig.  2D) (Fig. 3) . By loading pancreatic ␤-cells with 0.1 mM fura-2 in the whole cell configuration, we readily detected a C m increase when puffing 0. 3 ] i increase in ␤-cells (Fig. 4A) To monitor the contribution of intracellular calcium stores to thiopental-induced insulin release, we measured primary cell insulin secretion with or without thapsigargin and found that thapsigargin totally blocked thiopental-induced insulin secretion (Fig. 4C) . This result suggests that the thiopental-induced insulin secretion was triggered by Ca 2ϩ through ER calcium store release.
IP 3 -sensitive Ca 2ϩ stores participate in thiopental-induced Ca 2ϩ increase. The ER Ca 2ϩ stores include both IP 3 receptors and ryanodine receptors. Application of either antagonist of the IP 3 receptor, heparin (0.2 mg/ml) or 2-aminoethoxydiphenyl borate (2-APB; 100 M), inhibited the effect of thiopental by 90% (Fig. 5) . Consistently, when we prepuffed the PLC antagonist U-73122 (2 M) to inhibit the PLC/IP 3 pathway, both MCh-induced and thiopental-induced Ca 2ϩ signals were completely blocked, while the caffeine-induced ryanodine-sensitive Ca 2ϩ increase was slightly diminished (Fig. 6, A and B) . The above experiments demonstrated that the IP 3 -sensitive calcium store contributed to the thiopental-induced [Ca 2ϩ ] i increase. We then analyzed the effects of ryanodine on the thiopental response. In a single cell, application of MCh, caffeine, or thiopental elevated the calcium levels (Fig. 6C) . After application of 100 M ryanodine, the caffeine-induced [Ca 2ϩ ] i elevation was almost totally blocked while the MChor thiopental-induced calcium increase persisted. These results suggest that an IP 3 -sensitive Ca 2ϩ store, rather than a ryanodine-sensitive calcium store, is responsible for thiopentalinduced insulin secretion.
DISCUSSION
Here, we investigated the direct effect of thiopental on rat pancreatic ␤-cells and its underlying mechanism. We revealed that thiopental induced insulin secretion with a slow and rising kinetics, which was dependent on Ca 2ϩ release from intracellular Ca 2ϩ stores.
Effect of thiopental on plasma membrane. Studies of thiopental effects on insulin secretion have yielded conflicting results and interpretations. Our results showed that thiopental acts on ␤-cells by affecting both ion channels and intracellular Ca 2ϩ stores. The intracellular Ca 2ϩ store is important in thiopental-induced insulin secretion, which was blocked by application of thapsigargin. Early investigations focused on ion channels on the plasma membrane, especially K ϩ channels (10, 17) . These studies indicated that the depression of K ϩ currents by thiopental is responsible for insulin secretion. Though we confirmed the inhibition of whole cell K ϩ channels, we recorded only a weak inhibition of K ATP currents and did not record membrane potential depolarization to above Ϫ40 mV with application of thiopental. Here we used primary cultured rat pancreatic ␤-cells, which are different from the CRI-insulinoma cell line used by Kozlowski and Ashford (17) . The observed discrepancy is probably due to the cell source difference (23) . As well as K ATP channels, Kv1.4 (A-current) and Kv2.1 (delayed rectifier) channels also reside in rat pancreatic ␤-cells but do not open at the resting potential (19, 20) . The Kv1.4 and Kv2.1 channels may be inhibited by thiopental upon depolarization. In our studies, thiopental stimulated insulin secretion when the membrane potential was clamped at Ϫ70 mV. These results demonstrate that inhibition of whole cell K ϩ channels by thiopental is not important in the mediation of thiopental-stimulated insulin secretion in basal glucose conditions.
Role (24) . In ␤-cells, Ca 2ϩ release from the ER is important (34) , but more attention has been paid to extracellular Ca 2ϩ influx through VDCCs (7, 28, 30) . While calcium influx has been shown to influence insulin secretion (8, 28) release. These results demonstrate that the ER, especially the IP 3 receptor in the ER, plays an essential role when ␤-cells are exposed to thiopental in basal glucose or in resting conditions. 
Implication of clinical thiopental application.
Thiopental is a short-term intravenous anesthetic in the induction of anesthesia, to stop seizures, and to treat status epilepticus, particularly in children (27) . It has been reported that thiopental may disturb glucose metabolism in dogs, but the mechanism is unknown (32) . In the present work, direct application of thiopental to the rat intact pancreas or cultured pancreatic ␤-cells promoted insulin secretion through a K ATP channelindependent, but IP 3 calcium store-dependent, mechanism. Remarkably, the insulin secretion in response to thiopental was comparable to glucose-induced secretion. Thus, like another antiepileptic drug, valproic acid (25) , thiopental treatment might increase fasting serum insulin. Our results suggest caution when using thiopental with epileptic patients, especially in fasting conditions such as hypoglycemic seizures.
The PLC inhibitor U-73122 blocks thiopental-induced intracellular calcium increase, suggesting that thiopental may work on IP 3 production upstream, most likely a G q -coupled seven transmembrane receptor. Future work is needed to determine the molecular targets of thiopental on the IP 3 pathway and to develop a thiopental derivative for drug discovery in diabetes.
Conclusions. Our results revealed that thiopental induced insulin secretion from isolated resting pancreatic ␤-cells by initiating Ca 2ϩ release from intracellular IP 3 Ca 2ϩ stores, rather than by triggering it from cell membrane depolarization. 
